The mechanical and chemical properties of transition metal nitrides are very attractive for numerous industrial applications. Thin nitride films are expected to be good diffusion barrier in microelectronic devices. Nitrogen diffuses into the whole thickness of the molybdenum film heated at low temperature and exposed to expanding plasma of (Ar-N 2 -H 2 ) compared with pure N 2 plasma. NH x species in the plasma are produced by different homogeneous or heterogeneous reactive mechanisms that results in an expansion of the plasma compared with pure N 2 plasma. NH x species and probably H atoms improve the transfer of nitrogen into the metal by preventing the formation of MoO 2 oxides which act as a barrier of diffusion for nitrogen.
Introduction
The attractive mechanical and chemical properties make transition metal nitrides and especially molybdenum nitrides very suitable for various applications.
Molybdenum nitrides have high wear resistance, hardness values ranging from 28 to 34 GPa compared with values ranging from 18 to 24 GPa for TiN and CrN, that makes Mo-N compounds as potential materials for applications in tribology. They also have high melting point, good chemical stability, low electrical resistivity; they can be used as gate electrode materials for high-k gate dielectrics [1] [2] [3] . Their surface oxides (MO x ) of lamellar structure offer good lubricating properties at high temperature. Molybdenum nitrides are expected to be interesting in micromachining technology [4] : high temperatures are needed to deposit polycrystalline silicon as well as for the activation of dopants. The use of molybdenum nitrides instead of silicon allows the temperature of deposition to decrease as well as the electrical resistivity which is equal to 180  cm for Mo 2 N and several hundreds of  cm for silicon. Molybdenum nitrides also exhibit very interesting catalytic properties which can be compared with those of noble metals for hydroprocessing, hydrogenolysis, hydrogenation and [H 2 -N 2 ] reactions [5] [6] [7] . Mo 2 N is catalytically active for NO reduction in presence of hydrogen; the NO conversion on Mo 2 N is 89% at 723 K and remains constant for 10 h. Transition metal nitrides are also expected to be good barriers against oxygen diffusion. In Josephson circuits based on Nb/AlO x /Nb junctions, the electrical characteristics as well as the superconductivity of Nb wiring are degraded by annealing even at a temperature of 473 K that prevents from using other processes in semiconductor devices which require higher temperature annealing [8] . A 3 to 5 nm thick niobium nitride prevents oxygen from diffusing into the metal that improves the annealing stability up to 623 K and allows new process techniques to be used at higher temperatures such as bias sputtered SiO 2 insulators. Molybdenum nitride films are also expected to be diffusion barriers in microelectronic devices and especially in Al-Si and Cu-Si contact structures [9] [10] [11] . Molybdenum nitrides crystallize in five phases [10] : δMoN of hexagonal structure, γMo 2 N of face-centered cubic structure of NaCl type where the Mo atoms occupy the positions of the face-centered lattice whereas nitrogen atoms occupy half of the total octahedral sites,  1 Mo 2 N and  2 Mo 2 N of body-centered tetragonal structure and  3 Mo 16 N 7 of tetragonal structure. However nu-since they are fast diffusion paths for Cu in diffusion barriers [4, 14] . Molybdenum nitrides can be made by various plasma processes involving DC, magnetron or rf plasma [2] [3] [4] 10, 11] CVD [9] and even nitrogen ions implantation [15] [16] [17] . In this paper, we present a chemical vapor deposition (CVD) process using expanding plasma activated by microwave to nitride thin molybdenum films at low temperature; about 673 K. Low temperature processes are needed to prevent components as thin metallic films coated on glass substrates from damaging. This process has been successfully used to deposit thin DLC layers on Si substrates and carburize steels [18, 19] . Expanding plasma are very useful to process on a larger surface by carrying reactive species far from the center of the discharge. We describe the thermochemical process using plasma activated by a microwave discharge and especially the way to create expanding plasma containing active species as well as the chemical reactions occurring in the gas phase. The diffusion of nitrogen into the molybdenum films is discussed and correlated to the composition of plasma and especially hydrogen species such as excited and ionized nitrogen-hydrogen radicals; NH x<3 or atomic hydrogen which are expected to play a great role on the reactivity of surfaces. Such works conducted both in plasma and surface layers of the metal film attempt to highlight the ill-known phenomena occurring at the interface of plasma and solid surface.
Conditions of Formation of an Expanding Plasma
In expanding plasma, the gaseous species such as ions, radicals…are produced within the microwave discharge and carried along the discharge up to the surface of the substrate. The power of the electromagnetic wave (frequency equal to 2.45 GHz) absorbed by plasma is mainly transferred to the electrons and then to the other gaseous species by inelastic collisions. The absorbed power is written:
where Q is the power required to maintain one electron in the discharge and n e is the density of electrons. The conditions of propagation of the electromagnetic wave outside the surface wave launcher are satisfied when the density of electrons is above a critical value. Since  is the frequency of microwave and  p is the frequency of resonance of electrons in the plasma. So:
where  p is equal to (n e e 2 /m e   ) 1/2 and  v is the relative permittivity in the silica tube, n e , e and m e are the density, the charge and the mass of electrons, respectively whereas  0 is the permittivity of vacuum. Since /2π is equal to 2.45 GHz, the conditions of propagation of the electromagnetic surface wave is realized for: 
So, expanding plasma occurs when the density of electrons is larger than 3.6 × 10 17 m -3 . Since, the surface wave launcher of the reactor is connected to the quartz tube, this value has been determined for a known permittivity,  v . However, in reality, the plasma is expanded outside the quartz tube in the stainless steel part where the value of the permittivity is unknown. Moreover, according to previous works conducted on Ar gas with emission spectroscopy, the intensity of emission lines of some species increases on the edge of plasma [20] . The electromagnetic wave seems to propagate on the surface of plasma, drawing a bright cone inside the stainless steel part of the reactor. Since the critical value of the density of electrons depends on the local electrical parameters, the as-determined value is probably not valuable in that case. It is worth noting that previous measurements carried out in (Ar-N 2 -H 2 ) plasma at distances of 10 cm from the center of the discharge give lower values for the density of electrons which is closer to 10 16 m -3 [21] . Further investigations conducted with emission spectroscopy will highlight the formation of expanding plasma. Since inelastic collisions occurring between molecules and electrons lead to a decrease of the density of electrons, the addition of low amounts of molecular gas in an inert gas as Ar allows high density of electrons to be maintained in plasma. The density of electrons in Ar gas ranges between 0.5 and 1 × 10 16 m -3 . The addition of CH 4 molecular gas in Ar results in a strong decrease of the expansion in length of plasma because of the increasing number of collisions between electrons and molecules that decrease the density of electrons [18] . The mean values of electron energy have also been investigated in various plasma. They are equal to 0.6 and 0.4 eV for pure Ar and N 2 gas, respectively and they range from 0.5 to 0.7 eV in ternary (Ar-N 2 -H 2 ) gas mixtures for microwave power ranging between 100 and 400 W. The energy of ions is rather low and equal to 0.1 eV in the plasma and could be larger in the sheath surrounding the substrate. So, in contrast with numerous plasma treatments where the impinging energetic ions have a strong sputtering effect on passive oxide or carbide layers which remain at the surface of materials and act as a barrier of diffusion for reactive species of plasma, the reduction of oxides and carbides is mainly due to hydrogen species in our reactor. expanded in a stainless steel part containing the substrate holder which can be moved along the z axis of the reactor from positions close to the center of the discharge to positions far in the post-discharge. This kind of geometry allows the impinging species to be selected since the reactive species have short time of life and they are easily recombined in the plasma they are therefore mainly found at distances close to the center of the discharge. The substrate holder can be heated up to 1173 K. The temperature is controlled by means of a two colors pyrometer (IRCON mirage). The discharge is switched on with a power supply SAIREM GMP 12 kE operating between 0 and 1200 W. The total pressure in the range of 0.13 to 1.3 kPa is kept constant using an Alcatel roots blower pump (70 -700 m 3 h -1
) which maintains a gas drift velocity of about 5 -100 ms -1 . The base pressure is kept constant at 10 -4 Pa between nitriding treatments by using a turbomolecular pump.
N x H y Radicals and Molecules Produced in Ar-N 2 -H 2 Expanding Microwave Plasma
The most famous method to produce ammonia from nitrogen and hydrogen has been proposed by Haber in 1909 [22] and is known as the "Haber process". Ammonia is produced on an iron catalysis surface at relatively low temperatures (573 K to 823 K) and high pressures (15 to 25 MPa). The reaction yield is low (15%) but residual gases can be recycled, increasing thus the efficiency up to 98%. Similar methods have been experimented using an iron catalytic electrode, placed within an N 2 -H 2 discharge or in the discharge afterglow to produce NH 3 [23] [24] [25] or hydrazine [26] or for nitriding treatments of iron [27] . Different discharges have been tested like dc and ac discharge current, rf, and microwave discharge. The reactive processes involved in N x H y synthesis or nitriding treatments of metallic pieces have been studied theoretically by means of numerical models [28, 29] or experimentally [30] [31] [32] [33] . According to Gordiets et al. [28, 29] the large NH 3 concentration measured in N 2 -H 2 discharge cannot be explained only by volume reaction. Surface reaction process must be involved in the model to explain the large amount of NH 3 . The surface mechanism takes into account the physical adsorption and desorption of radicals (N, H, NH and NH 2 ), the chemical adsorption and desorption of previous radicals, the surface diffusion of physisorbed species, and the chemical reaction of chemisorbed species with gas (Eley-Rideal mechanisms) or with physisorbed species (langmuir-Hinshelwood mechanisms). Considering the efficiency of different processes, the reactive mechanism can be simplified as follows [30] :
In these reactions NH xs and NH x species are adsorbed on the catalytic surface. According to Gordiets et al. [28, 29] the main channels producing NH 3 are surface reactions (4.1) and (4.2). The volume reaction in gas is less efficient. Moreover NH 3 is dissociated in the discharge by reactions with ions or electrons. Consequently the concentration of NH 3 is more important in the afterglow than in the discharge. Assuming that the NH 2 flux is lower in post-discharge than H 2 , N or H flux, the reaction between NH 2 gas and adsorbed H producing NH 3 (NH 2 + H s →NH 3 ) can be neglected compared to the two previous ones (4.1) and (4.2). Mass spectrometer analysis has been performed at 20 cm above the microwave discharge exit working at a power of 150 W and pressures ranging from 10 to 100 Pa. The results show that the main species are detected at m/q = (residual oxygen) and Ar + , respectively. No peak are observed at m/q equal to 32 and no significant change is observed for m/q equal to 18 when the discharge is on and off, this suggests that N 2 H 4+ and NH 4+ are not detected. All these species are produced in the bulk plasma or on the reactor wall, resulting in the various homogeneous or heterogeneous reactive mechanisms. Using the previous simplified mechanism (reactions (4.1) to (4.4)), the reaction rate constants have been determined by adjusting a simple model to experimental results obtained in Ar-N 2 -H 2 gas mixtures by means of mass spectrometry [30, 31] . Figure 2 displays the relative density NH x /NH 3 versus H 2 injected in the Ar-1.3%N 2 gas mixture. The adjustment is obtained assuming that the relative density NH/N is equal to 1.9 at 10% of H 2 injected in the dis- . The results obtained in Ar-33.3%N 2 gas mixture are displayed in Figure 3 . The NH x density is much lower than in Figure 2 and the NH 2 radical density becomes larger than the NH radical density. As expected, the best fit between the theory and the experiments is obtained for the same values of k 1 and k sg but for larger k 2 (NH s ) and k 3 (NH s ) values compared with the first gas mixture. In that case, the values increase by a factor 5. This difference is probably due to the increase of the NH s density chemisorbed on the reactor wall with increasing N 2 concentration in Ar gas. From these values it is possible to determine the recombination coefficient γ which is defined as the ratio of the number of reacting species per second to the number of atoms striking the surface per second. This coefficient can be written assuming a cylindrical geometry, γ = 2kR/v; where k, R and v are the reaction rate constant value, the radius of the reactor and the mean thermal velocity of species, respectively [34] . In microwave plasma, the H atom density ranges from 10 19 to 10 20 m -3 according to the dissociation yield ranging from 1% to 10%. ). Investigations are performed by means of cavity ring-down absorption spectroscopy on NH and NH 2 radicals and mass spectrometry measurements are performed in the background of the reactor in the case of NH 3 . These authors confirm that NH 3 is mainly produced by heterogeneous reactions on the wall reactor and that the density of NH 3 increases with increasing S/V ratio. NH 3 molecules involved in homogeneous reactive processes producing NH or NH 2 are reintroduced in the reaction volume until the exit of the cascaded arc because of the recirculation of species due to eddies within the reactor. According to these authors, the main reactive mechanisms which produce or destroy NH and NH 2 radicals in the plasma volume are the following: 1) NH is mainly produced by charge-transfer reactions between recirculating NH 3 and Ar + ion in the discharge with subsequent dissociative recombinations of molecular ions with electrons: The last step can also produce NH 2 in smaller amounts:
2) Other mechanisms efficiently produce NH radicals in the discharge or in the afterglow, by reactions of N atoms or N + ions with H 2 . These reactions are especially efficient in the case of metastable species N( 2 D) or vibrational excited hydrogen [28] . They are: The reactions between NH 2 radical and H or N are less efficient.
3) NH is mainly destroyed by diffusion on walls, or recombination with N or H atoms: 17 3 2 NH N N H, k 1.8 10 m s at 300 K
The recombination of NH with itself is less efficient. , respectively. 5) NH 2 is destroyed by recombination with atoms or radicals in the afterglow and by diffusion on the wall. In the case of a reactor configuration with a large S/V ratio, the dominant recombination mechanisms are the diffusion on the wall with subsequent heterogeneous reactions from (4.1) to (4.4). At small S/V ratio the volume reaction in afterglow will be the dominant process. As previously seen, NH 3 is easily destroyed in the discharge by reactions with ions and consequently the density of NH 3 is generally larger in afterglow than in the discharge. The yield of produced NH x can therefore be increased using a reactor configuration promoting the recirculation of gas between the discharge and the background of the vessel. According to C. I. Butoi et al. [35] heterogeneous reactive mechanisms are also efficient to produce NH and NH 2 radicals. Three main reactive pathways can occur. They are:
1) The dissociation of NH 3 on the reactor wall In this scheme, NH 2 is not only produced in the discharge or in afterglow by homogeneous or heterogeneous reaction of NH 3 with charged particles, radicals or surface, but also by heterogeneous recombination of NH on the wall. As expected, an increase of NH density gives rise to the increase of NH 2 produced on the reactor wall. According to Nagai et al. [36] , the electron density increases within the discharge when 30% N 2 is added to H 2 because the total ionization cross section of N 2 producing mainly N 39] ). The increase of the electron density leads to the increase of the H atoms density and ions bombardment and an increase of the etching rate probably due to H atoms. Such increase of the electron density have been observed in microwave plasma produced in ternary gas mixtures [31] as Ar-8%N 2 -10%H 2 and Ar-25%N 2 -25%H 2 . In binary mixture the electron density drastically decreases when more than 1% of H 2 or 5% of N 2 is mixed to Ar, whereas electron density in ternary gas mixtures is as large as in pure argon when up to 50% of molecular species N 2 and H 2 is mixed to argon. This behaviour can be ascribed to the formation of NH x species in the gas mixture. The ionization threshold and the ionization cross section of these species at 30 eV are reported in Table 1 . It can be seen that NH x species have a lower ionization threshold than N 2 , H 2 or Ar. Ionization is more efficient at low electron energy for NH x than for N 2 , H 2 or Ar and the partial ionization cross section of NH x producing NH x + is nearly equal to the values of the total ionization of N 2 or H 2 . Moreover, NH x species give rise to direct and dissociative ionization processes and the total ionization cross section value is the sum of all partial ionization cross sections producing NH y + ,with y ≤ x. In the case of NH 3 , the total cross section value is larger than the ionization cross section of Ar, H 2 , N 2 (see Table 1 ) and similar effects are expected in the case of all NH x radicals which are produced. Consequently, Ar-N 2 -H 2 ternary gas mixtures producing a large amount of NH x species have a larger electron density and a better plasma expansion in the reactor than Ar-N 2 or Ar-H 2 binary gas mixtures. In Ar-N 2 -H 2 gas mixtures, N 2 H 2 (diimide molecules) are also produced in small amounts whereas N 2 H 4 has not been observed in our experiments. The relative density N 2 H 2 /NH 3 versus %H 2 injected in Ar-9%N 2 (empty square) and Ar-36%N 2 (full circle) are displayed in Figure 4 . The density of N 2 H 2 molecules remains lower than 10% of NH 3 . Results show that a maximum of diimide is produced in the two gas mixtures at about 5% of H 2 injected in the plasma. According to Stothard et al. [40] two main reactions pathway occurring in the gas volume produce diimide molecules, they are: However, the surface reactions can also be efficient to produce diimide molecules in a reactor configuration with a large S/V ratio. According to Huang et al. [41] , the reaction NH s +NH s →N 2 H 2 can be the primary mechanism for diimide molecules formation. This process is enhanced by co-adsorbed H s which stabilizes NH s on Ni(100) surface. When H 2 is mixed to Ar-N 2 in very large amount, the surface sites are saturated with H s and recombination surface mechanisms of NH s producing N 2 H 2 are inhibited. This behavior could explain the results displayed in Figure 4 , the maximum of efficiency is obtained for 5% of H 2 mixed to Ar-N 2 . In the case of hydrazine, it can be produced by wall recombination of NH 2 radicals (Langmuir-Hinshelwood mechanism),
The reaction is more exothermic   H 285.4 kJ mol    than reaction (4.15) and heterogeneous processes are necessary to stabilize N 2 H 4 molecules, whereas N 2 H 2 molecules can be produced directly by the homogeneous reaction (4.15) in the gas phase. Because of the low NH 2 flux impinging the wall, hydrazine is generally produced in small amounts so, it has not been observed in our experiments.
Surface Reactivity of Thin Molybdenum Films in (Ar-N 2 -H 2 ) Plasma
In this part, we present results on the composition and structure of very thin films of molybdenum (thickness equal to 100 -200 nm) coated on Si (100) substrates and exposed to (Ar-N 2 -H 2 ) plasma of various compositions. The contents are expressed as a percentage of the total volume of gas. The molybdenum films are deposited on Si (100) wafers in an electron beam evaporator. Molybdenum pellets, 99.95% pure are evaporated in Ar gas at a pressure of 0.5 Pa. The Si wafer is polarized at -400 V and heated up to 673 K. Such experimental conditions allow oxygen in the ingot to be lower and lead to a good adhesion of molybdenum films on wafers. The treatment is carried out in expanding plasma at temperatures as low as 673 K. As previously seen, such conditions of temperature prevent any damage of the substrate in the case of films coated on glass substrates that would lead to a decrease of the adhesion of the film on the substrate. The results are compared with those obtained for substrates heated at 873 K. All experiments are carried out at a microwave power and a pressure of 400 W and 0.13 kPa, respectively.
The Means of Investigation
The chemical composition of the nitride layers is studied by secondary neutral mass spectrometry (SNMS). The measurements are carried out in a secondary ion mass spectrometer LAB from VG instrument. The analysis of depth profiles is undertaken by means of Ar + primary beam of ions (8 keV) . The size of as-formed craters is of (500 × 500) μm 2 . The sputtered neutrals are ionized by a thermoionic filament. The structure of compounds which are formed in the nitride layers are investigated by Raman spectroscopy. The Raman spectra are recorded in backscattering geometry by using a Jobin-Yvon spectrometer (64000 model) equipped with a CCD cooled by a flux of liquid nitrogen up to 140 K in order to reduce the thermal noise. The exciting line which is produced by an Ar + laser (540.532 nm) is focused on to the sample using a microscope (×50), the size of the spot is equal to about 1 μm. The power of the laser is adapted to prevent any damage on the sample. The wave numbers range between 10 and 20000 cm -1 . All spectra are averaged, so the signal intensities are representative of the treated material. The morphology of the film is detected by atomic force microscopy (AFM). The measurements are carried out by means of a Digital Instruments NanoscopeII operating in constant force mode. The signal is fitted by subtracting a "polynomial plane" which consists of a surface whose cross section is a second order polynomial in one axis and a horizontal line in the other axis. Some x-ray diffraction measurements have also been performed in a theta2theta SIEMENS D5000 diffractometer using CuKα radiation in sol-X energy dispersive detector, the configuration of the system is the classical Bragg-Brentano geometry. However, because of the low thickness of the molybdenum films compared with the silicon substrate, most of the results were unreliable, nonetheless, some of them are discussed.
Composition and Structure of Films

Untreated Molybdenum Films
The secondary neutral mass spectrometry (SNMS) analysis of the untreated molybdenum film is displayed on Figure 5(a) . The oxygen amount is equal to about 5% in the whole thickness of the metal film. No nitrogen and carbon are identified in the limit of the accuracy of the method. Molybdenum and silicon signals are also registered. Oxygen is identified in the form of MoO 3 oxide on the Raman spectrum (Figure 5(b1) ). It consists of a broad band with two maxima at 848 and 996 cm -1 corresponding to an amorphous structure, since well-crystallized MoO 3 of orthorhombic structure consists of two main bands at 820 and 996 cm -1 and bands of lower in- tensities identified at shorter wavenumbers [42] [43] [44] . The Raman signal corresponding to the Si substrate does not appear ( Figure 5(b2) ). The morphology of the surface consists of small grains of about 50 nm in size. The roughness of the film varies in function of the molybdenum film coated on the Si wafer. On Figures 5(c) and (d) , two films of roughness equal to 4.3 and 15.3 nm, respectively are displayed. The film of higher roughness consists of agglomerates. In previous works, the untreated film consists of grains of pure molybdenum of tetragonal crystallographic structure [21] .
Molybdenum Films Exposed to Pure N 2 Plasma
The molybdenum films are heated at 673 K and then exposed to pure N 2 plasma for 15 min. As previously seen, the influence of the impinging gaseous species in the plasma is investigated by moving the substrate along the z axis of the reactor from positions close to the center of the discharge to positions far in the post-discharge. The SNMS signal of nitrogen corresponding to the substrate located at 9.5 cm from the discharge center is displayed on Figure 6(a) . The nitrogen slightly diffuses into the molybdenum films up to a depth of about 40 nm. An unexpected strong enhancement of the oxygen signal is also detected in the same area. The nitrogen and oxygen amounts are equal to about 2 and 25 at%, respectively at a depth of 25 nm. This huge amount of oxygen could arise from the desorption of oxygen and/or water from the walls of the reactor in contact with the plasma since the amount of oxygen corresponding to the untreated films is quite lower. Oxygen diffuses into the metal layers and forms a barrier which prevents nitrogen from diffusing deeper into the metal film. In contrast to this result, only very slight amounts of nitrogen and oxygen are transferred into the films located at 15.5 cm from the discharge center, the concentration values are quite within the range of the detection limit of the method (Figure 6(b) ). This result is correlated to the geometry of pure N 2 plasma which remains in a confined space around the center of the discharge: the density of electrons of 0.16 × 10 16 m -3 in pure N 2 plasma is lower than the one corresponding to pure Ar plasma which ranges from 0.5 to 1 × 10 16 m -3 [20] . So, the substrate located at 15.5 cm from the center of the discharge is probably exposed to the postdischarge where the amount of active species is low. The results from Raman spectroscopy are quite consistent with those of SNMS, since the Raman spectrum corresponding to an exposure at 9.5 cm from the discharge center displays thin and broad bands in the range of wavenumbers between 199 and 739 cm -1 . These Raman bands are assigned to MoO 2 oxides of monoclinic structure [42, 45, 46] (Figure 6(c1) ). MoO 3 oxides of amorphous structure are still detected at wavenumbers of 848 and 964 cm -1 that corresponds to the remaining oxides in the untreated molybdenum film. As we have previously seen, oxygen desorbs from the wall of reactor in contact with the N 2 plasma and leads to the formation of MoO 2 inside the film. So, the active species have a reducing activity since MoO 2 is formed instead of MoO 3 . Other broad bands are also identified on the spectrum at 1303 and 1599 cm -1 and correspond to the formation of DLC. Its amount is low since this compound has a high sensibility to the laser line. The formation of DLC could be assigned to a decomposition mechanism of the contamination layers remaining on the substrate holder. Once the carbon has been transferred to the surface of the metal film, it is transformed into DLC compound. Such an effect has already been observed in former works [47] . These results are compared with those obtained at a substrate temperature of 873 K and located at 12.5 cm from the center of the discharge to prevent any damage on the quartz tube ( Figure  6(c2) ). All features corresponding to MoO 2 , MoO 3 as well as DLC are still detected. The concentration of DLC increases with temperature increasing. Only the broad band identified in the wavenumbers range from 100 to 300 cm -1 on the spectrum corresponding to the film heated at 673 K has disappeared. In the literature, such a Raman feature is reported for TiN, ZrN, TiAlN, TiZrN and TiCN compounds [48] . Because of their symmetry, the compounds of fcc structure do not display any first-order Raman spectrum. However, the presence of impurities or defects in the lattice as nitrogen ion vacancies leads to the relaxation of selection rules by reducing the effective symmetry and induces a first-order spectrum which contains broad bands that reflect the vibrational density of states. Such a band has also been identified on the Raman spectrum recorded on γMo 2 N of cubic structure prepared by high pressure-high temperature synthesis [49] . The Raman feature corresponding to γMo 2 N consists of two large bands at 150 and 240 cm -1 . They are due to N 3- vacancies appearing within the molybdenum nitride of fcc structure. The morphology of the molybdenum surface heated at 673 K and exposed to N 2 plasma during 15 min consists of small grains ranging in size from 50 to 100 nm like the untreated surface (Figure 6(d) ). However, a slight decrease of the size of the grains as well as a slight enhancement of the roughness which is equal to 5.4 nm is detected, compared with the untreated molybdenum film.
Molybdenum Films Exposed to (Ar-N 2 -H 2 ) Plasma
The molybdenum films are heated at 673 K and exposed to (Ar-25%N 2 -30%H 2 ), (Ar-8%N 2 -10%H 2 ) and (Ar-30% H 2 -12%H 2 ) for 15 or 40 min at 9.5 cm or 15.5 cm from the center of the discharge. As indicated on SNMS results (Figure 7(a) ), nitrogen diffuses into the whole molybdenum film exposed to (Ar-25%N 2 -30%H 2 ) for 15 min. The amount of nitrogen is equal to about 20 at% in the surface layers of films and progressively decreases up to the molybdenum-silicon interface where the amount of nitrogen corresponds to that of untreated molybdenum. Moreover, in contrast with molybdenum films exposed to pure N 2 gas, the signal of oxygen and carbon are lower than those of untreated molybdenum films. They are even quite within the detection limit of the method. A 40 min treatment under the same experimental conditions lead to an amount of nitrogen constant and equal to 20 at% in the whole thickness of the film, the oxygen and carbon signals remain very low (Figure 7(b) ). In the same way, (Ar-8%N 2 -10%H 2 ) and (Ar-30%H 2 -12%H 2 ) plasma exposures, performed under similar experimental conditions result in the same profile of diffusion for nitrogen (not shown here). The influence of active gaseous species is investigated by moving the substrate holder from distance of 9.5 cm to 15.5 cm from the center of the discharge. The SNMS signals corresponding to molybdenum films heated at 673 K and exposed to (Ar-25%N 2 -30%H 2 ) at a distance of 15.5 cm from the center of the discharge for 40 min are displayed on Figure 7(c) . The intensity of the nitrogen signal slightly decreases with increasing distance whereas the intensity of the carbon and oxygen signals increase. So, in contrast with the nitriding treatment performed in pure N 2 plasma, nitrogen diffuses up to the molybdenum silicon interface whatever the distance from the centre of the discharge. It is worth noting that the den- sity of electrons in (Ar-25% N 2 -30%H 2 ) plasma is larger than the one corresponding to N 2 plasma that results in an increase of the expansion of the plasma. The values are equal to 10 16 and 0.16 × 10 16 m -3 for (Ar-25%N 2 -30% H 2 ) and N 2 plasma, respectively [21] . They are equal to 1.5 × 10 16 and 0.5 × 10 16 m -3 at distances from the centre of the discharge equal to 10 and 11.5 cm, respectively for (Ar-8%N 2 -10%H 2 ) plasma. Besides, these values are not much more different from the one corresponding to pure Ar which ranges between 0.5 and 1 × 10 16 m -3
. On the contrary, the density of electrons in (Ar-30%N 2 -12%H 2 ) ternary plasma is lower and is nearly equal to the value found for pure N 2 plasma i.e. 0.1 × 10 16 m -3 . So, no efficient nitriding process should be expected at distance of 15.5 cm from the center of the discharge since the plasma probably remains in a confined space around the center of the discharge like pure N 2 plasma. Further investigations are needed to confirm this hypothesis. As we have previously seen in Table 1 , the density of electrons in (Ar-25%N 2 -30%H 2 ) and (Ar-8%N 2 -10%H 2 ) gas mixtures remain high because the ionization thresholds corresponding to NH 3 , NH 2 and NH are lower than those corresponding to Ar, N 2 and H 2 . The SNMS results are confirmed by Raman spectroscopy which highlights the influence of hydrogen species on the transfer of nitrogen into the molybdenum films by reducing the oxide species. In contrast with the molybdenum films exposed to pure N 2 plasma, the Raman spectrum corresponding to the molybdenum films exposed to (Ar-25%N 2 -30%H 2 ) at 673 K for 15 min at a distance of 9.5 cm from the center of the discharge, does not display any features corresponding to MoO 2 oxides. Only MoO 3 oxides are still detected (Figure 8(a1) ). So, hydrogen species in the plasma are efficient to reduce oxides which are formed in the film layers during treatment in the plasma. Since these oxides act as a barrier of diffusion, the hydrogen species improve the nitrogen transfer into the molybdenum films. It is worth noting that the most steady molybdenum oxide, MoO 3 is not reduced by hydrogen species at 673 K; the heat of formation of MoO 2 and MoO 3 nitrides are equal to -544 and -755 kJmol -1 , respectively whereas the heat of formation of molybdenum nitrides are lower and equal to -35 kJmol -1 at room temperature [50] . The large band identified at 300 cm -1 , and assigned to Mo-N compounds containing defects appears more clearly as a hump at low wavenumbers. This can be correlated to X-ray results: the molybdenum films would consist of peaks corresponding to a mixture of Mo-N compounds containing defects and pure molybdenum [51] . Further investigations on films of larger thickness could confirm this hypothesis. These results are compared with those which have been obtained at higher temperature. The Raman spectrum of the molybdenum film heated at 873 K and exposed to (Ar-25%N 2 -30%H 2 ) plasma at 12.5 cm from the center of the discharge is displayed on Figure 8(a2) . The treatment leads to a nearly full reduction of all oxides remaining in the molybdenum film. Moreover the features detected at about 300 cm -1 have also disappeared. It is worth noting that the stoichiometric Mo 2 N compound of tetragonal structure has been identified in previous works conducted at 873 K [21] . The coefficient of diffusion of nitrogen in molybdenum films ranges between 5 × 10 -10 to 5 × 10 -9 cm 2 ·s -1 at 873 K. According to the selection rules, a first-order Raman spectrum should appear and we did not find any spectrum corresponding to that structure in the literature. The morphology of films of molybdenum heated at 673 K and exposed to (Ar-8%N 2 -10%H 2 ) for 15 min at 9.5 cm of the discharge is displayed on Figure 8(b) . The surface consists of grains ranging in size from 50 to 100 nm. The morphology is quite similar to those obtained after exposing the film to (Ar-25%N 2 -30% H 2 ) or pure N 2 plasma. The nitriding treatment leads to a slight decrease of the grain size and a slight increase of the roughness, since it is equal to 15.8 nm.
Conclusion
The thermochemical process using expanding plasma of (Ar-N 2 -H 2 ) mixtures improves the diffusion of nitrogen into thin films of molybdenum metal coated on Si substrates heated at low temperature. Such conditions of temperature prevent the substrate from damaging in case of glass substrates. (Ar-N 2 -H 2 ) plasma contains hydrogen species which play a great role in the reducing of oxide compounds whose act as diffusion barriers for nitrogen. In contrast with nitriding treatments carried out in pure N 2 plasma, molybdenum oxide such as MoO 2 does not form in the metal film. Moreover, (Ar-25%N 2 -30%H 2 ) and (Ar-8%N 2 -10%H 2 ) ternary plasma produce a large amount of NH x species since ionization is more efficient at low electron energy for NH x species than for N 2 , H 2 or Ar. NH x species are produced by homogeneous and heterogeneous reactions involving the wall of the reactor. Since the surface/volume ratio of our reactor is large, NH 3 species are mainly produced on the wall of the reactor. In these two ternary plasma the density of electrons is larger than in pure N 2 plasma, that allows the nitriding treatment to be performed on larger surface by carrying the active species far from the center of the discharge. Although the diffusion of nitrogen into the metal films has been fruitfully correlated to the formation of NH x species in plasma of (Ar-N 2 -H 2 ), some questions remain open; in contrast to (Ar-25%N 2 -30%H 2 ) and (Ar-8%N 2 -10%H 2 ) ternary plasma, the density of electrons in (Ar-30%N 2 -12%H 2 ) gas mixture is nearly similar to that of pure N 2 , so, it probably remains in a confined space around the center of the discharge. Other investigations will be conducted. Moreover, the large Raman band recorded at small wavenumbers on the spectrum corresponding to molybdenum films heated at 673 K could be assigned to the formation of defects in the compounds of molybdenum nitride, this Raman feature could not readily correlated to the XRD results because of the low thickness of the metal films, so other investigations will be conducted on films of larger thickness to explore these phenomena a little further.
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